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Quantum mechanics (QM) has been criticized for its violation of locality and reality since it was
put forward. A series of hidden variable theories (HVTs) were evolved to ensure reality. In this
paper, a new method to distinguish QM and HVTs is proposed. The angle between two decay
planes is introduced as the observable and the distribution of it under two conditions is deduced.
The feasibility to test it on BESIII experiment is discussed.
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Quantum mechanics (QM) has been precisely tested
by a number of experiments. However, there are still
heated debates about the interpretation of QM. In 1935,
Einstein, Podolsky, and Rosen (EPR) argued that QM
is incomplete for its violation of locality and reality [1],
which is well known as the EPR paradox. In 1951, Bohm
rephrased the paradox in a clearer way [2] with two spin-
1/2 fermions in a system of total-spin singlet. A series
of substitute theories called local hidden variable theory
(LHVTs) were proposed to escape the paradox [3].
In 1965, Bell constructed mathematical inequalities [4]
through which experimental tests could distinguish be-
tween QM and LHVTs by testing locality. Many experi-
ments, mostly using the polarization correlation of entan-
gled photon pairs, have been performed since then whose
results showed consistency with QM instead of LHVTs
[5].
Later, some non-local hidden variable theories were
evolved mainly by Bohm and De Broglie, which proposed
that the realism of nature refers to “objective reality” in-
stead of “contextual reality” [6]. The former means that
the observed property is pre-exist before measurement,
while the latter indicates that observed property arise
only after observation. The latter interpretation is sug-
gested by QM and violates reality. Afterwards, Leggett
brought up another inequality [7] to test the reality of the
non-local hidden variable theories, which was also tested
by entangled photon pair experiments [8].
Apart from utilizing the laser beam, the validation of
QM has also been carried out by the high energy physics
experiment, e.g. B0B0 system [9], utilizing the coinci-
dence rate of two B mesons’ flavor asymmetry to con-
struct the Bell’s inequality, where the violation of the
inequality has been seen.
In the experiment of high energy physics, the angu-
lar distributions are feasibly obtained. With the angular
distributions of decay, To¨rnqvist suggested that weakly
decay reaction like e+e+ → ΛΛ¯→ ppi−p¯pi+ could be used
to test the non-locality of QM [10], which has been per-
formed by DM2 Collaboration [11]. However, due to the
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insufficient statistics, they couldn’t draw a decisive con-
clusion. BESIII is also regarded as an ideal high energy
facility to test the Bell’s inequality, utilizing the entan-
glement of vector meson pairs [12][13][14].
Here we use the angular distribution directly to test
the nature of reality instead of applying the inequalities.
In this paper, the decay chain
J/ψ → ΛΛ¯→ ppi−p¯pi+
is analyzed as a detailed description. The distribution of
the angle between the two decay planes of Λ pair, denoted
as α, is taken as the observable. We expect the existence
of entanglement between Λ and Λ¯ will reflect difference
on the distribution. Whether Λ and Λ¯ are entangled or
not refers to “contextual reality” or “objective reality”
respectively. Hence, the distribution of α is supposed to
distinguish the two interpretations of reality.
The distribution of α depends on both the azimuth an-
gles, φpi± , of the momentum of pi
− and pi+ in the helicity
rest frame of their own parent particles. As can be seen
in the Fig. 1, the coordinate system is defined as follow-
ing [15]. We choose the direction of the momentum of Λ
as the direction of kˆ in the Λ’s helicity rest frame, that is
to say, kˆ = pˆ. As for ˆ and ıˆ, we have ˆ = kˆ0× kˆ, ıˆ = ˆ× kˆ,
where kˆ0 is the direction of z-axis in the J/ψ rest frame.
In the J/ψ rest frame, ΛΛ¯ emit in the opposite direc-
tion, so pˆΛ = −pˆΛ¯. Then ıˆ(Λ) = ıˆ(Λ¯), ˆ(Λ) = −ˆ(Λ¯) and
kˆ(Λ) = −kˆ(Λ¯).
In the J/ψ rest frame, α equals the difference of φpi+
and φpi− . But in the ΛΛ¯ helicity rest frame ,ˆı(Λ), ıˆ(Λ¯) are
in the same direction and kˆ(Λ),kˆ(Λ¯) are in the opposite
direction. On this condition, α equals the sum of φpi+
and φpi− . Due to α ∈ [0, pi], the definition can be written
as following.
α =

φpi− + φpi+ φpi− + φpi+ ∈ [0, pi]
2pi − φpi− − φpi+ φpi− + φpi+ ∈ (pi, 2pi]
φpi− + φpi+ − 2pi φpi− + φpi+ ∈ (2pi, 3pi]
4pi − φpi− − φpi+ φpi− + φpi+ ∈ (3pi, 4pi]
(1)
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2FIG. 1. J/ψ → ΛΛ¯→ ppi−p¯pi+ geometry diagram
The distribution of α can be expressed by
W (α) =
∫ 2pi
0
W ′(φpi− , φpi+)dφpi−
=
∫ α
0
W ′(φpi− , α− φpi−)dφpi−
+
∫ 2pi−α
0
W ′(φpi− , 2pi − φpi− − α)dφpi−
+
∫ 2pi
α
W ′(φpi− , α+ 2pi − φpi−)dφpi−
+
∫ 2pi
2pi−α
W ′(φpi− , 4pi − α− φpi−)dφpi−
(2)
where W ′(φ1, φ2) is the probability density function of
φpi− = φ1 and φpi+ = φ2 simultaneously.
Then, the angular distribution of the decay chain
J/ψ → ΛΛ¯→ ppi−p¯pi+ is [15]
W ′′(θpi− , φpi− ; θpi+ , φpi+) =
1
4pi
2J1∑
l1>0
2J2∑
l2>0
Cl1(0, 0; 0, 0)Cl2(0, 0; 0, 0)×∑
m1,m2
tl1,l2m1,m2(C1, C2)Yl1m1(θ1, φ1)Yl2m2(θ2, φ2)
(3)
where [16]
C0(0, 0; 0, 0) =
2
pi
,C1(0, 0; 0, 0) =
2a
pi
W” is the probability density function of
θpi− ,φpi− ,θpi+ ,φpi+ and t
l1,l2
m1,m2 are the joint multi-
pole parameters of ΛΛ¯ system before the decay, which
can be derived directly from the density matrix of initial
state. Ylm are the spherical harmonic functions.
The density matrices of initial state of Λ and Λ¯ rely on
the initial polarization of J/ψ. If the initial polarization
of J/ψ was isotropic, the partition of the J/ψ particles
with the spin projection 1,0,-1 on z-axis in the helicity
rest frame are all one third. The spin-parity of J/ψ is
JP = 1−, parity conservation and angular momentum
conservation requires that only S-wave and D-wave exist
in the decay J/ψ → ΛΛ¯. However, the system of ΛΛ¯
related by s-wave is in a pure state, which does not make
contributions to entanglement. Under the circumstance
that the initial spin projection on z-axis of J/ψ is 1 or -1,
the wave function before and after decay of d-wave can
be written as
χJ/ψ|1, 1 >=
√
3
5
L|2, 2 > χΛΛ¯|1,−1 >
−
√
3
10
L|2, 1 > χΛΛ¯|1, 0 >
+
√
1
10
L|2, 0 > χΛΛ¯|1, 1 >
(4)
the joint density matrices of Λ and Λ¯ is
ρΛΛ¯ =
3
5
|1,−1 >< 1,−1|+ 3
10
|1, 0 >< 1, 0|+ 1
10
|1, 1 >< 1, 1|
=
3
5
(
0 0
0 1
)
⊗
(
1 0
0 0
)
+
1
10
(
1 0
0 0
)
⊗
(
0 0
0 1
)
+
3
20
[
(
1 0
0 0
)
⊗
(
1 0
0 0
)
+
(
0 0
0 1
)
⊗
(
0 0
0 1
)
+
(
0 0
1 0
)
⊗
(
0 0
1 0
)
+
(
0 1
0 0
)
⊗
(
0 1
0 0
)
]
(5)
where the terms before ⊗ are the density matrix of Λ
in Λ’s helicity rest frame. Likewise, the terms after ⊗
are the density matrix of Λ¯ in Λ¯’s helicity rest frame.
Afterwards, the joint multipole parameters of the initial
states are
t t00 t
1
0 t
1
1 t
1
−1
t 00 1 −
√
3
6 −
√
6
20
√
6
20
t 10
√
3
6 − 215 0 0
t 11 −
√
6
20 0
1
10 0
t 1−1
√
6
20 0 0
1
10
(6)
Then the distribution of W (φpi− , φpi+) can be derived
from Eq. (3) and Eq. (6)
W ′(φpi− , φpi+) =
1
4pi2
+
3
20pi3
a(cosφpi−
+ cosφpi+) +
3
10pi4
a2 cos(φpi− + φpi+)
(7)
After combining equation Eq. (2) and Eq. (7)
W (α)(sz)J/ψ=±1 =
1
pi
+
6a2 cosα
5pi3
(8)
after normalization. a = 0.642 [17], which is a constant
determined by the reaction Λ→ ppi−.
For the other 1/3 of the decays in which J/ψ particle
has the spin projection on z-axis 0, the same procedure
as above can be applied. The result distribution of α is
W (α)(sz)J/ψ=0 =
1
pi
+
8a2 cosα
5pi3
(9)
3Then the final result of the distribution of α is
1
3W (α)(sz)J/ψ=0 +
2
3W (α)(sz)J/ψ=±1
W (α) =
1
pi
+
4a2 cosα
3pi3
(10)
If Λ and Λ¯ are not entangled, the decays of Λ and Λ¯
should be regarded as independent. So the Eq. (2) turns
into
W (α) =
∫ α
0
W ′(φpi−)W ′(α− φpi−)dφpi−
+
∫ 2pi−α
0
W ′(φpi−)W ′(2pi − φpi− − α)dφpi−
+
∫ 2pi
α
W ′(φpi−)W ′(α+ 2pi − φpi−)dφpi−
+
∫ 2pi
2pi−α
W ′(φpi−)W ′(4pi − α− φpi−)dφpi−
(11)
The only bond between Λ and Λ¯ is the conservation
of angular momentum and parity. According to the Ref.
[15], the angular distribution of the decay Λ → ppi− as
well as Λ¯→ p¯pi+ is
W ′(θpi, φpi) =
1√
4pi
2J∑
l=0
Cl(0, 0; 0, 0)×
∑
m
tl∗mYlm(θpi, φpi)
(12)
Considering the initial state of Λ, the multipole parame-
ters are
t00 = 1, t
0
1 =
1√
3
Pz, t11 = −
1√
6
(Px+iPy), t−11 =
1√
6
(Px−iPy)
(13)
Then the distribution of θpi, φpi can be derived from
Eq. (12) and Eq. (13)
W ′(θpi, φpi) =
1
2pi
(1 + a
P · ppi
ppi
) (14)
The distribution is only related to the initial state po-
larization vector below.
P = (sin θ cosφ, sin θ sinφ, cos θ)T (15)
Since J/ψ is a particle with JP = 1− and both Λ and
Λ¯ has spin 12 , the conservation of angular momentum re-
quires that the spin of Λ and Λ¯ are in the same direction,
which is
PΛ = −PΛ¯ (16)
if written in their own helicity rest frame. The polariza-
tion of Λ depends on the polarization of J/ψ, which is
assumed to be isotropic. Thus, the polarization of Λ and
Λ¯ can also be taken as isotropic. Combining the Eq. (11)
and Eq. (14) together, the final result of the distribution
of α can be obtained, though the polarization vector of Λ
remains in it. As we discussed earlier, the polarization of
Λ is isotropic, which suggests uniform distribution after
integrating the PΛ¯ over 4pi solid angle.
W (α) =
1
pi
(17)
Under the condition of entanglement, the joint multi-
pole parameters are involved to describe the initial state
as the language of QM, which suggests that the entangle-
ment of the two particles ΛΛ¯ is considered since the initial
state is mix instead of pure. Density matrix is used as
the representation of QM instead of wave function only.
Due to the fact that the parameter we choose to describe
the entanglement, α, is related to both sides of the de-
cay while wave function is insufficient for a multi-particle
system whose state can not be written as a wave function
but a density matrix. So the two particles are viewed as
a whole to compute the distribution under the case that
QM is right.
While without the consideration of entanglement, the
angular distribution of the two decays are taken as in-
dependent. Only conservation of angular momentum is
considered, and the initial polarization vector of the two
particles are definite, though not known, which is the
same as classic mechanics, so that the result can be taken
as the prediction of HVTs.
This method can be universally used in all of the two-
body decay chains A → C1 + C2, C1 → E1 + F1, C2 →
E2 + F2 as long as the angle between two decay planes
can be reconstructed in experiment, which is feasible to
be carried out at experiments. Here we use J/ψ → ΛΛ¯→
ppi− → p¯pi+ to analysis. This decay channel can also be
used to measure the CP violation[18].
From the BESIII detector at the BEPCII collider,
about 1.3 billion J/ψ events are collected and the branch-
ing ratio of J/ψ → ΛΛ¯ is about 1.6× 10−3[17]. Combin-
ing the efficiency of the detector which can be determined
from MC simulation(here we take 40% as an approxima-
tion) , we can calculate the error band with 40 intervals,
which is shown in the Fig. 2.
Thus, the obvious discrepancy between the two dis-
tribution of α allows the experiments to test the two
theories. Nonetheless, the concept of “collapse” is not
mentioned here, which means that our method cannot
test the “locality” but the “reality” questioned by the
EPR paradox. However, the result from the experiment
will indicate whether the Λ and Λ¯’s state violate reality
or not and support one of QM and HVTs.
After all the discussion above, we may safely draw the
conclusion that we have developed a new method to de-
rive the distribution of an observable for discriminating
QM and HVTs through experiment. The parameter we
use, which is the angle between two decay planes, is ac-
cessible from the experiment and varies clearly as the
results predicted by QM or HVTs. Therefore, the new
method can be tested easily by experiment.
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